Background: Sustainable systematic interventions are important for infection prevention and control (IPC). Data from surveillance of healthcare-associated infections (HAI) provides feedback for implementation of IPC programs. To address the paucity of such data in Asia, we searched for national HAI surveillance and IPC programs in this region.
Background
The European Healthcare-associated Infections Surveillance Network (HAI-net) is one of the most coordinated and comprehensive surveillance systems that monitors healthcare-associated infections (HAI). By centralizing data on antimicrobial use, HAI incidence, and HAI point prevalence, HAI-net builds a regional landscape that allows inter-country comparison and provides feedback for implementation of regional infection prevention and control (IPC) guidelines [1] .
With its high burden of HAI, Asia stands to benefit by learning from such a surveillance network. A recent meta-analysis reported a pooled HAI incidence density of 20 cases per 1000 intensive care unit-days in Southeast Asia [2] ; studies in India and China found pooled ventilator-associated pneumonia of 9.4 and 20.8 cases per 1000 ventilator-days, respectively [3, 4] . Establishing surveillance in Asian countries, either as national or regional collaborations, might help relevant stakeholders to identify systemic gaps and establish improvements in IPC.
The current understanding of HAI surveillance in Asia remains limited despite the relatively large numbers of IPC conducted in Asia [2, 5] . Likewise, national scale data documenting the regional HAI epidemiology in Asia is scarce [2] . To better understand the current state of HAI surveillance and IPC programs in Asia, we searched for data on existing national HAI surveillance programs. Three Asian countries: Taiwan [6, 7] , South Korea [8] [9] [10] , and Japan [11] were found to conduct nationwide HAI surveillance systems. The present study is based on data derived from open access reports from the surveillance systems of these countries. They include temporal trends of HAI in intensive care units (ICUs), the major causative pathogens and antimicrobial resistance (AMR). Nationally implemented IPC policies were also reviewed to gain insights on important interventions instituted in these three countries.
Methods

Study design and source of data
We performed a Google and PubMed search to determine the existing national HAI surveillance systems in Asian countries using the following terms "national nosocomial infection surveillance" or "national healthcare-associated infection surveillance" in combination with specific country names. The inclusion criteria were: English language, open access data or PubMed publications, annual data containing either point prevalence or yearly surveillance for 5 or more years. Data from the national HAI surveillance systems were retrospectively retrieved and analysed.
National surveillance systems of Taiwan, South Korea, and Japan Three national HAI surveillance systems met the study criteria. These were the Taiwan Nosocomial Infection Surveillance (TNIS), Korean National Healthcare-associated Infection Surveillance (KONIS), and Japan Nosocomial Infection Surveillance (JANIS). Each system prospectively collects data on the incidence, causative pathogens, and antimicrobial resistance of HAI in ICUs. HAI data are stratified by infection site: urinary tract infection (UTI), bloodstream infection (BSI), hospital-acquired pneumonia (HAP); by device-use: catheter-associated urinary tract infection (CAUTI), central line-associated bloodstream infection (CLABSI), and ventilator-associated pneumonia (VAP); and by type of hospital (in Taiwan and South Korea). These HAI cases and categories are in accord with the definitions of the US National Healthcare Safety Network (NHSN) system with minor modifications to account for differences in clinical or laboratory practice and national policies.
Data collection
Demographic data for each country were retrieved from the World Bank and their respective national authorities. Hospital and ICU composition of each surveillance system were recorded from their official web portals. Annual data of overall HAI, device-associated HAI, causative pathogens, and rates of AMR of important bacteria were also retrieved from the three surveillance systems. We selected the study period as 2008 to 2015 because data for this period were accessible across all three systems. National-scale IPC policies and programs were obtained by online search or in consultation with experts from the three countries.
Data analysis
Incidence densities of overall HAI were determined as pooled means of UTI, BSI, and HAP rates, and calculated as overall HAI episodes per 1000 patient-days. Analysis of device-associated HAI included CAUTI, CLABSI, and VAP. For Taiwan and Korea, incidence densities of device-associated HAI were calculated as device-associated infection episodes per 1000 device-days. For Japan, device-associated HAI were analysed by device-associated infection episodes per 1000 patient-days which made Japanese data incompatible with data from other countries. Causative pathogens were classified at the species level. AMR proportions of selected pathogens were calculated as number of antimicrobial-resistant isolates divided by the total number of isolates of the same species.
Statistical analysis
A Poisson regression model was used to assess the temporal trends of HAI incidence. Linear regression was used to analyse the trends in AMR isolates, using the STATA statistical program (version 14.0 Texas, USA). A P value < 0.05 was considered statistically significant.
Results
Characteristics of Taiwan, South Korea and Japan's National Surveillance Systems
The characteristics of the national HAI surveillance systems of Taiwan, South Korea, and Japan are summarised in Table 1 [6, 8, 11] . The type, size and proportion of hospitals enrolled in the national surveillance varied among the countries. Taiwan included medical centres and regional hospitals classified according to hospital accreditation. Most of them had hospital beds of 300 beds or more. Korea and Japan included hospitals with more than 300 and 200 beds, respectively. The hospital coverage and participation rates were 21.2 and 100.0% in Taiwan, 18.0 and 38.6% in Korea, and 1.9 and 6.8% in Japan, respectively. A total of 472, 169 and 163 ICUs were enrolled in Taiwan, Korea and Japan, respectively. The number of participating hospitals and ICUs in all three countries during the study period has expanded (Additional file 1: Table S1 ) [6, 8, 11] . Categorization of HAI was different in JANIS, which presented only UTI, CLABSI and VAP. Infection incidence was also calculated differently as episodes per 1000 patient-days.
National infection control policies or programs and HAI trends across Taiwan, South Korea, and Japan Numerous independent changes, aimed at improving surveillance and compliance, were made for national IPC policies, programs, or practices in each country (Fig. 1) . Additional file 2: Table S2 summarised the details of national IPC programs in the past two decades by country. For example, during the study period hand hygiene, care bundles, hospital environment hygiene program and antimicrobial stewardship were the main interventions implemented in Taiwan. The hand hygiene program adapted the WHO multimodal strategies with particular emphasis on alcohol-based hand rub at the point of care. The care bundles program aimed to prevent CAUTI, CLABSI, and VAP. On the other hand, Korea and Japan enforced IPC practices by legislating and mandating IPC in hospitals. Incentives in terms of reimbursement 1.8-2.7 US dollars and 10 US dollars per admission were given to hospitals who met IPC standards in Korea and Japan, respectively. All three countries mandated assignment of infection control personnel. They also implemented formal and structured antimicrobial stewardship programs, which include surveillance of AMR pathogens and regulations of antimicrobial use.
Overall HAI rates
All three countries experienced a significant reduction of approximately 50% in HAI rates by the end of the study period. The incidence density in Taiwan decreased by 46.2% from 9.3 to 5.0 infections per 1000 patient-days; in Korea HAI declined by 63.1% from 7.6 to 2.8, and in Japan by 38.6% from 4.4 to 2.7 (Poisson regression, all p < 0.05) (Fig. 1) .
There was a significant reduction in device-associated HAI at all sites of infection in Taiwan and Korea (p < 0.05) (Fig. 2) . Japan had low rates of CAUTI and CLABSI (presented as infections per 1000 patient-days) that persisted over the 8-year period. The most remarkable change was noted for CAUTI in Korea, with an 81.3% decrease from 4.8 to 0.9 infections per 1000 device-days (P < 0.05). All three countries experienced a similar trend in VAP during the study period with a 57.7% reduction from 2.6 to 1.1 infections per 1000 device-days in Taiwan.
Causative pathogens
The distributions of the top five (or four for Japan) causative pathogens according to country and site of infection in 2015 are shown in Table 2 . For Taiwan and Korea, UTI, BSI and HAP data were presented; for Japan, UTI, CLABSI and VAP data were presented. A more comprehensive list of pathogens is shown in Additional file 3: Table S3 , Additional file 4: Table S4 , and Additional file 5: Table S5 .
Escherichia coli and Candida albicans were included in the top five organisms causing UTI in all three countries. E. coli and C. albicans constituted 19.8 and 16.9%, 17.6 and 12.6, 37.6 and 7.9% of UTI for Taiwan, Korea, and Japan, respectively ( Table 2) . Along with Candida albicans, non-albicans Candida species and yeast-like organisms constituted 31.4% of the urinary tract pathogens in Taiwan. In Korea, 23.4% of the UTI were due to Candida species (Additional file 3: Table S3 ).
Staphylococcus aureus was a major pathogen of BSI. The rates were 14.2% in Korea, 13.0% in Japan, and 6.5% in Taiwan (Table 2) . Along with S. aureus, Staphylococcus epidermidis and coagulase-negative staphylococci constituted 38.8% of the CLABSI isolates in Japan. There were major differences among the countries in the distribution of other predominant pathogens. Acinetobacter baumannii and E. faecium were the predominant BSI pathogens in Taiwan and Korea. Major Candida species constituted 12.1% of the BSI isolates in Taiwan and 12.9% in Korea (Additional file 4: Table S4 ).
S. aureus, P. aeruginosa and K. pneumoniae were the predominant pathogens for HAP across all three countries (Table 2) . Interestingly, A. baumannii was predominant in Taiwan and Korea but not in Japan, similar to the observation for BSI. For Taiwan and Korea, these four pathogens comprised 65.7 and 81.2% of the HAP isolates, respectively.
Antimicrobial resistance
Higher AMR rates were noted in Korea than in Taiwan (Fig. 3) . The data for Japan were incomplete for several study years and are not shown in the figures. There was (Fig. 3b) . Carbapenem-resistant A. baumannii (CRAB) was more commonly isolated in Taiwan than in South Korea. The number of CRAB isolates initially increased in Taiwan and then decreased significantly with a total reduction of 49.2% from 2010 to 2015 (p < 0.05). In contrast, the number of CRAB isolates in Korea increased by 91.8% by the end of the study period (Fig. 3c) . The proportion of CRAB among A. baumannii isolates was higher in Korea than in Taiwan, and increased from 2008 to 2015 in both countries.
Discussion
In the current study, we described the surveillance and IPC programs of Taiwan, South Korea and Japan. A variation in surveillance protocol, such as HAI case definition and surveillance items was found among the three countries although these protocols were similar to those employed by the HAI-net and NHSN. There were also common IPC strategies shared by the three countries, but each with special emphasis on different aspects of IPC. We also compared the rates of HAI and the most common causative pathogens as reported by the three surveillance systems. There was a 53% decline in overall HAI in the surveyed ICUs of all three countries over the 8-year period. The overall incidence densities of HAI in Taiwan, Korea, and Japan in 2015 were 5.0, 2.8, and 2.7 per 1000 patient-days, respectively. These rates are comparable to HAI-net (2.6 per 1000 patient-days), and substantially lower than those of developing countries, as shown in Table 3 [2, [12] [13] [14] [15] .
We believe that essential elements that contributed to the sustained decrease in the incidence of HAI in Taiwan, Korea and Japan were the national surveillance programs combined with improvement in IPC practices [16] . In Korea, there was a significant decline in device-associated HAI in association with the implementation of the KONIS program [17] . National IPC programs such as hand hygiene, care bundles, antimicrobial stewardships, and environmental hygiene have been shown to effectively reduce HAI and infections caused by AMR pathogens [7, [18] [19] [20] . In Taiwan, hand hygiene program over a 4-year period were found to reduce HAI in ICU by 17.2% and BSI by 12.7% [20] , and care bundles to further reduce CAUTI and CLABSI by 22.7 and 12.2%, respectively [21, 22] . In Korea, a multicentre study found that VAP rate decreased from 4.08 to 1.16 cases per 1000 ventilator-days following 3 months of bundle intervention [23] . Evidence-based IPC practices have been shown to be cost-saving and effective in preventing HAI [20, 24] . Adoption of these practices to reduce HAI burden might be helpful for many Asian countries, which are facing problems such as rising healthcare costs and inefficient healthcare insurance systems [25] .
Appointment of infection control professionals or infection control committees is a common strategy across the three countries (Fig. 1 , Additional file 2: Table S2 ). In Japan, one serious fundamental obstacle before 2010 was the lack of personnel dedicated to IPC. In 2010, Japan revised medical reimbursement system and provided 10 The data for Taiwan included medical centers and regional hospitals, which were classified according to hospital accreditation and covered only acute care hospitals m The hospital coverage rate was calculated as the number of participating hospitals divided by the total number of hospitals in the same year in each country. The hospital participation rate was calculated as the number of participating hospitals divided by the total number of hospitals to be enrolled in each surveillance system n In terms of surveillance, the requirement for participation in KONIS was 1 full-time infection control nurse over 200-bed size hospital. Regarding the mandatory personnel requirement, this regulation has been launched as a financial incentive program since 2016, as described in Additional file 2: Table S2 o Data available at https://www.cdc.gov.tw/professional/info.aspx?treeid=beac9c103df952c4&nowtreeid=bd387fa55fef03f0&tid=FED32554F2B55D11. Accessed USD per patient per admission if a hospital payed the annual cost for the designated work hours for infection control personnel which included certificated nurse, doctor, pharmacist and medical technician/microbiologist. IPC incentives through reimbursement policies were revised in 2012 and 2018, as described in Additional file 2: Table S2 . Such a scheme encourages hospitals dedicated certificated personnel to participate in IPC (Table 1 ). Other than manpower, personnel training and resource infrastructure are essential for surveillance and prevention of HAI [26, 27] . (Table 1) .
b Included training healthcare staff, establishing infection control committees, and formulating hospital policies.
c Restricts use of antimicrobials in ambulatory patients with upper respiratory infections but without evidence of bacterial infection.
d Act 29 specifies that IPC are the duties of hospitals with more than 300 beds. Act 47 mandates IPC as part of hospital accreditation. In 2012, hospitals with more than 200 beds are required to appoint an infection control committee and at least one full-time experienced staff (Table 1) .
e Japanese medical law obligated all health care institutions to implement operational safety measures against HAI, which includes IPC guidelines, IPC training, and disease reporting.
f Hospitals should have an infection control team that consists of ICN, ICD, infection control pharmacist and infection control microbiology technologist. Hospitals should also have an IPC policy and antimicrobial stewardship program (Table 1) . a Taiwan; b South Korea; c Japan During the study period, financial incentives to support IPC programs were employed by Korea and Japan. Japan switched its reimbursement system to a penalty system in 2000, and then changed it back to the current reward system in 2010. This suggests that a supportive environment that encourages IPC practices might be better than one that punishes for wrongdoing, and should be fostered by national authorities for effective prevention of HAI [27] . Correspondingly, such a difference in reimbursement may have well influenced the outcomes of HAI in Taiwan, Korea and Japan.
Changes in case definition might have contributed to the observed HAI trends. For example, the newer definition for UTI established in 2009 would probably have [28] . Nevertheless, based on the consistent decline of HAI incidence across all infection categories, it is unlikely that modifications in case definition can explain the remarkable decrease in HAI trends.
Substantial variation exists for causative pathogens of HAI across the three countries. This variability could be due to a number of factors, including baseline characteristics of participating hospitals and ICUs, variation in diagnostic standards and case definitions, geography and climate, and IPC practices. For example, Japan's BSI was dominated by staphylococci (39.9%) possibly because its reports were limited to device-associated modules in BSI. An interesting variation that is likely not attributable to systemic differences was noted for A. baumannii, which was isolated commonly from Taiwan and Korea but rarely from Japan. Results from HAI-net seem to support this notion, with higher proportions of HAI caused by Acinetobacter spp. in some countries [13] .
Our study showed a general decrease in isolates of important AMR species: MRSA, CRPA and CRAB even though the number of participating ICUs has expanded from 2008 to 2015. This downward trend is likely due to hand hygiene to prevent cross-transmission of AMR pathogens, care bundles to prevent device-or procedure-associated infections, and antimicrobial stewardship programs to mitigate the selection pressure implemented in these countries [7, [18] [19] [20] 29] . A recent meta-analysis reported that antimicrobial stewardship programs in Asia reduced overall antimicrobial consumption by 9.74% and incidence density of important AMR pathogens such as MRSA by 0.9 to 1.4 isolates per 1000 patient-days [19] . Expenditure associated with antimicrobial prescription and hospitalization were also found to decrease by a range of 9.7 to 58.1%. These findings highlight the efficacy and importance of antimicrobial stewardship programs in combating the rise of AMR pathogens.
While surveillance of HAI may provide important feedback for IPC efforts, the high costs in establishing and maintaining the system may preclude many countries from undertaking such an ordeal. Introducing information technology in surveillance systems may help reduce labor intensive and increase the efficiency of surveillance [30] [31] [32] [33] . In Asia, National Taiwan University Hospital has established a web-based real-time surveillance system based on algorithms for AMR pathogens, UTI and BSI. The surveillance system is sophisticated in its ability to integrate and analyse several data sources [32, 33] . Their studies and a recent systematic review of the literature demonstrated that adopting electronic surveillance software yields considerable time savings pertaining to case findings, data collection, case ascertainment and classification while maintaining high levels of sensitivity and specificity [31] [32] [33] . Thus, information technology may represent an opportunity for countries seeking to establish HAI surveillance and overcome the gaps of human resources. Our study provides a framework for other countries to establish or improve surveillance and IPC programs. Further studies on cost-effectiveness of these strategies will be helpful to relevant stakeholders as they allocate and prioritize budget for infection control. Our work also serves as the foundation for possible regional collaborations in East Asia or in greater Asia. Standardization of protocols will allow inter-country comparison and benchmarking.
For Europe, the similarities and differences in HAI trends between our study and the HAI-net re-affirmed the need for continual surveillance and IPC efforts.
The strengths of this study were our ability to obtain an overview of the surveillance and IPC programs of Taiwan, Korea, and Japan that were seldom described in past reports. We were also able to obtain comprehensive HAI data from their surveillance systems and compare these data with Western developed countries and developing countries worldwide. The limitations were the need to use open access datasets. This restricted our ability to assess and compare HAI epidemiology comprehensively across the three countries. JANIS only releases data on UTI, CLABSI, and VAP in its surveillance reports. Information on the other infection modules: CAUTI, BSI, and HAP were unavailable. We were unable to comprehensively describe the complete pathogen rankings and AMR profiles for each country, because these data were unavailable on some surveillance systems. There are differences in protocols employed by each surveillance system, such as JANIS, which calculated device-associated infections differently. Standardization of protocols should allow for inter-country comparison. Furthermore, we need to include antibiotic use in future studies because of their critical impact on development of resistance. Finally, there were differences in the types of the hospitals enrolled in the three systems, wide variation of hospital participation rates (6.8% in Japan and 100% in Taiwan), and thus, discrepancies in hospital coverage rates (1.9% in Japan and 21.2% in Taiwan). Therefore, data presented here cannot be generalized to the entire 3 countries.
Conclusions
We found that national surveillance data obtained from Taiwan, South Korea, and Japan from 2008 to 2015 was associated with a 53.0% reduction in HAI in surveyed ICUs. There were differences among the countries in surveillance protocols, hospital coverage rates, national IPC programs, distribution of invading microorganisms and antibiotic resistance. The overall decrease in HAI appears to be due to improved surveillance coupled with a series of interventions in each country. We propose that a regional HAI network be established in East Asia similar to Europe's HAI-net. Such a coordinated effort should enable greater regional collaborations and development of joint strategies as we learn from one another. Data are pooled mean of site-specific HAI such as UTI, BSI, and HAP or otherwise specified, and computed from raw data provided in the reports. Thus, all these data should be interpreted appropriately b
Additional files
The NHSN CAUTI definition was updated in 2015 and excluded Candida, yeasts or molds as potential CAUTI pathogens. Nevertheless, TNIS, KONIS and JANIS kept these pathogens and data are provided 
